Preterm infants have a high risk of brain injury and neurodevelopmental impairment, often associated with WMA on conventional MR imaging. DTI can provide insight into white matter microstructure. The aim of this study was to investigate the association between WMA on conventional MR imaging and DTI parameters in specific fibers in preterm neonates at termequivalent age.
T
he incidence of preterm birth is increasing and accounts for 5%-13% in industrialized countries. 1 Preterm infants are at high risk of brain injury and poor neurodevelopmental outcome. Motor disabilities are typical, with approximately 2%-7% of preterm infants developing cerebral palsy, 2 usually associated with cystic periventricular leucomalacia on MR imaging. [3] [4] [5] Cognitive, behavioral, and social difficulties are more common than motor dysfunction 6, 7 ; however, their correlation with imaging is still debated. They may be associated with subtle WMA-for example, diffuse excessive high signal intensity on T2-weighted images 8 and other abnormal T1 or T2 signals. 9 , 10 Woodward et al 11 have shown that WMA on conventional MR imaging at term-equivalent age (gestational age of 40 weeks) predict adverse neurodevelopmental outcomes at 2 years of age in preterm infants. However, the evaluation of conventional MR imaging is limited in qualitative assessments, and it does not provide information on the extent of the injury in specific white matter pathways.
DTI is currently the best noninvasive technique to assess microstructural changes in white matter pathways. DTI enables quantitative assessment of brain normal structures and lesions by calculating FA, MD, // , and Ќ . FA expresses the fraction of anisotropic diffusion. MD corresponds to the directionally averaged magnitude of water diffusion. // expresses the parallel diffusion to white matter fibers; a marked decrease of // reflects axonal injury.
12 Ќ expresses the perpendicular diffusion to the fiber direction; an increase of Ќ indicates reduced oligodendroglial integrity around the axons. 12 Fiber tracking allows the visualization of white matter tracts. Previous studies have showed significant region-specific changes in diffusion indices in preterm infants with WMA at term-equivalent age. [13] [14] [15] However, the diffusion indices of these studies were obtained from predefined ROIs in white matter but not in specific fiber tracts. Only a few studies have used DTI and tractography for the assessment of white matter injury in neonates, 16, 17 and most tractography studies were performed on children older than 2 years of age and usually in a small cohort. [18] [19] [20] Little is known about the microstructural changes in specific fiber tracts in the preterm brain at term-equivalent age, and to our knowledge, no study has yet shown the association between microstructural changes by fiber tracking and WMA graded according to Woodward et al. 11 In this study by using DTI and probabilistic tractography, we investigated DTI parameters (tract volume, FA, MD, // , and Ќ ) in the CST, SLF, TRs, and corpus callosum. The aim of the study was to investigate whether WMA on conventional brain MR imaging are related to diffusion changes in specific fiber tracts.
Materials and Methods

Patients
During a 5-year period (from October 2005 to September 2010) in our institution, 301 preterm neonates underwent brain MR imaging without sedation for detecting lesions related to premature birth.
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Two hundred twenty-six neonates were excluded from the study due to the movement artifacts on conventional MR imaging or on DTI. Furthermore, we excluded 3 neonates with known malformations or 
MR Imaging Data Acquisition
MR imaging examinations were performed with a 1.5T magnet (Achieva; Philips Healthcare, Best, the Netherlands) equipped with an 8-channel sensitivity encoding head coil. The following sequences were acquired for all subjects: 1) sagittal 3D T1-weighted gradientecho images, 2) coronal and axial T2-weighted turbo spin-echo images, 3) axial inversion recovery images, 4) axial T2*-weighted gradient-echo images, and 5) spin-echo EPI images. For DTI acquisitions, we used the following parameters: TR/TE, 5888/92 ms; FOV, 220 ϫ 220 mm; 32 noncollinear diffusion-sensitizing gradient directions with a diffusion sensitivity of bϭ600 s/mm 2 and a 2 ϫ 2 mm 2 in-plane resolution; acceleration factor (sensitivity encoding), 2.2; section thickness, 2.3 mm; and scanning time, 3 minutes 40 seconds.
No sedation was used; neonates were spontaneously asleep, positioned in a vacuum immobilization pillow to minimize body and head movements. Ear muffs were placed to minimize noise exposure. Oxygen saturation and electrocardiography were monitored throughout the acquisition.
Assessment of White Matter Injury
Two readers, experienced neuroradiologists (D.B. and P.D.), interpreted conventional MR imaging (sequences 1-4), blinded to the subject's clinical condition but informed of the subject's gestational age at birth and corrected gestational age at MR imaging.
WMA were graded according to Woodward et al, 11 by using 5 characteristics, each with a score of 1 (normal), 2 (mild abnormality), and 3 (moderate-severe abnormality) ( Table 1 ). These 5 assessments of the cerebral white matter were then combined to give an overall WMA score, which was categorized in 4 groups: no abnormality (total score, 5-6), mild abnormality (total score, 7-9), moderate abnormality (total score, 10 -12), and severe abnormality (total score, 13-15).
In Table 1 , the ventricular dilation was assessed by using the Evans Index, defined as the maximal frontal horn ventricular width divided by the transverse inner diameter of the skull. 21 Disagreements on classification were resolved by consensus, and cases with unresolved discrepancies at consensus were excluded from further analysis.
Data Postprocessing
Data analysis was performed by using the software FSL (http://www.fmrib.ox.ac.uk/fsl).
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Image Preparation
Image artifacts due to eddy current distortions and head movements were minimized by registering the DTI from 32 directions to the B0 images. 19 Maps of the diffusion indices were obtained by using FSL Diffusion Toolbox.
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Probabilistic Tractography
The bundles were reconstructed in each subject by 1 investigator (Y.L.) by using multitensor probabilistic tractography. 24, 25 The masks were identified and manually placed by 2 neuroradiologists (Y.L. and D.B.) in consensus for each tract. The CST was tracked by using a seed mask in the cerebral peduncle and a waypoint mask in the precentral gyrus. 26 The SLFs were tracked separately into 2 parts 27,28 : the frontoparietal SLF and the parietotemporal SLF. For the frontoparietal SLF, a seed mask covered the frontal white matter and the waypoint mask covered the frontoparietal white matter on coronal sections; for the parietotemporal SLF, the seed mask was the same as the waypoint mask of the frontoparietal SLF, and the waypoint mask covered the temporal lobe on an axial section. 27 The TRs were studied separately in 4 subradiations 27 : ATR, the motor and sensory STR, and the PTR.
A seed mask was positioned in the bottom of the thalamus, and a waypoint mask, in the anterior limb of the internal capsule for the ATR, in the precentral gyrus for the motor STR, in the postcentral gyrus for the sensory STR, and in the occipital lobe for the PTR. The corpus callosum was tracked by symmetric seed masks drawn on either side of the midline. 19 The original tracts were normalized by the total number of samples going from the seed ROI to the target ROI. 25 Finally, the obtained connectivity distributions were thresholded with a probability of 0.2% for the corpus callosum and 2% for the bilateral tracts. 27, 29, 30 The tract volume and diffusion indices (FA, MD, // , and Ќ ) of each tract were evaluated by using FSL calculations. 27 
Statistical Analyses
All statistical analyses were performed with the Statistical Package for the Social Sciences, Version 15 (SPSS, Chicago, Illinois). A 1-sample Kolmogorov-Smirnov test was performed to detect a possible departure from normality of our variables. A MANOVA was used to compare tract volumes and diffusion indices between WMA groups; the corrected gestational age at MR imaging was considered as a covariate. After controlling for false discovery rate, 31 statistical significance was reached when P Ͻ .003.
Results
Of the 72 preterm neonates who were recruited, 2 were excluded due to disagreement between readers on the conventional MR imaging assessment. Seventy neonates were included in the tractography study, and their clinical characteristics collected from patient medical records are given in On-line Table 1 . Forty-one neonates were classified as having no WMA; 27 neonates, with mild WMA; 2 neonates, with moderate WMA; and no neonate, with severe WMA. Because of the small sample size (n ϭ 2) of the moderate group, statistical analyses were only performed between the groups with no WMA and with mild WMA.
Clinical Characteristics
There were no significant differences in any of the clinical characteristics between the neonates with no and with mild WMA (data not shown).
Tract Volume in Relation to WMA
Tract volume results are detailed in On-line Table 2 . No significant differences were found in tract volume between neonates with no WMA and with mild WMA. In case 1 with moderate WMA, showing diffuse white matter signal-intensity abnormalities, multiple cystic lesions, and thinning of the corpus callosum, some tract volumes were relatively small compared with the mean volumes in the neonates with no WMA (Fig 1) . Case 2, showing diffuse white matter signal-intensity abnormalities and ventricular dilation, had no obviously decreased tract volume.
FA in Relation to WMA
Neonates with mild WMA had significantly lower FA in the left sensory STR compared with neonates with no WMA; in the 2 neonates with moderate WMA, we observed decreased FA values in the CST, SLF, TRs, and corpus callosum ( Table  2) .
MD in Relation to WMA
Neonates with mild WMA had significantly higher MD in the left ATR, the left sensory STR, and the bilateral motor STR compared with neonates with no WMA; in the 2 neonates with moderate WMA, we observed increased MD values in the CST, SLF, TRs, and corpus callosum (Table 3) . a The P value reaches statistical significance after controlling for false discovery rate (P Ͻ .003).
// in Relation to WMA No significant differences in // were found between the neonates with no and mild WMA; in the 2 neonates with moderate WMA, no obvious changes were observed in // (On-line Table 3 ).
Ќ in Relation to WMA Neonates with mild WMA had significantly higher Ќ in the left ATR, the left sensory STR, the bilateral motor STR, and the right CST compared with neonates with no WMA; in 2 neonates with moderate WMA, we observed increased Ќ values in the CST, SLF, TRs, and corpus callosum (Table 4) . Figure 2 shows the diffusion indices in the left sensory STR in neonates with no WMA, mild WMA, and moderate WMA.
Discussion
In this structural MR imaging study, we demonstrated important associations between WMA on conventional MR imaging and microstructural changes in specific fiber tracts by using DTI and probabilistic tractography. Compared with neonates with no WMA, those with mild WMA had significantly increased Ќ and MD values in the left ATR, the left sensory STR, the bilateral motor STR, and for Ќ also in the right CST; FA decreased significantly in the left sensory STR. Diminished tract volumes and altered diffusion indices were also present in the 2 patients with moderate WMA.
The findings of microstructural changes in specific fiber tracts are consistent with previous DTI studies on predefined ROIs in white matter tissues. WMA were found to be related to changed diffusion indices, in particular to the Ќ in sensorimotor regions. [13] [14] [15] The increased Ќ values imply reduced oligodendroglial integrity around the axons. 12 At term-equivalent time, few WM fibers have completely myelinated. In this "premyelinated" stage, pre-OL start to ensheath the axons. The pre-OL are especially vulnerable due to dynamic development during the last trimester of pregnancy, and the loss of pre-OL is the most common injury to the preterm brain. [32] [33] [34] [35] [36] The decrease of pre-OL is counteracted by an increase in oligodendroglial progenitors, shown in several animal models 37, 38 ; however, these cells might not have the capacity to further differentiate to become mature myelin-producing cells. Therefore, the altered diffusion indices in this study may relate to the disruption of pre-OL development, which leads to a failure of pre-OL ensheathment of axons. No significant association found in // suggests that disrupted premyelinating oligodendroglia is the major correlate with WMA rather than axonal pathology.
In neonates with mild WMA, we found bilaterally decreased FA in the sensory STR that, after adjustment for multiple comparisons, was statistically significant at the left side only (Table 2) . Because 3 eigenvalues of water diffusion decrease together in the premyelinated period, FA values could have no significant changes in the premyelinated stage. 39 In general, myelination starts from posterior to anterior and sensory pathways myelinate before motor pathways 40 ; therefore, the altered FA values could emerge earlier in the sensory pathways.
Specific white matter fibers contribute to brain functional networks as information transmitters. The CST and STR are the sensorimotor-related fibers. The CST originates from the frontal cortex, but most fibers come from primary motor and premotor areas, containing mostly motor axons. 41 The STR projects from the ventrolateral nuclei to the frontoparietal cortex, mainly including the motor and somatosensory cortex. 24, 42 The ATR is the projection connecting the frontal cortex and the thalamus; the frontal cortex is considered to play an important role in cognitive and executive functions. 43 In our study, preterm neonates with mild WMA compared with no WMA had altered diffusion indices in the CST, STR, and ATR, but not in other fibers. It is possible that the microstruc- The diffusion indices in the left sensory STR are shown by scatter plots with mean (line) in neonates with no WMA, mild WMA and moderate WMA. Statistically significant differences (taking into account the gestational age as a covariate and after controlling for false discovery rate) were found for FA (P Ͻ .001), MD (P ϭ .001), and Ќ (P Ͻ .001).
tural changes in those fiber tracts might be responsible for later neurodevelopmental deficits in motor and cognitive functions. In forthcoming studies, these tracts could be selectively studied and correlated with possible neurodevelopmental outcomes in patients with mild WMA at term-equivalent age. Beyond the microstructural association, no significant differences were found in tract volumes between neonates with no WMA and mild WMA, and only 1 neonate with moderate WMA had some relatively decreased tract volumes. This might suggest that tract volumes were not significantly associated with the subtle WMA.
These findings in tract volumes and diffusion indices are only partly in agreement with the results of de Bruïne et al, 16 who studied fiber tracts in very preterm infants by tractography and found no association between tract lengths and the degree of white matter injury. Our results were different from their findings at the microstructural level: They showed a strong association between DTI indices and the gestational age at MR imaging, but those DTI values were independent of WMA. These different results in diffusion indices might be due to the wide range of gestational age when infants underwent MR imaging because some of their infants were imaged after 46 weeks. Gestational age at MR imaging plays an important role in the changes of diffusion indices, 44 especially in the first year of life. 45 In our study, there was no significant difference in the gestational age at MR imaging between groups; however, the gestational age at MR imaging was considered as a covariate when we performed the comparisons.
We evaluated WMA on conventional MR imaging according to the scores of Woodward et al, 11 because they studied a large population (167 infants) and included the neurodevelopmental outcome at 2 years of age (corrected for prematurity). Moreover, in our study, we used a careful approach of evaluation to define the degree of abnormalities in 5 characteristics because it was based on a subjective reading. The conventional MR imaging was first evaluated by 2 readers blindly. Second, a consensus was required for the inconsistent categorized cases as well as for the consistent categorized cases with different scores in Ͼ2 characteristics. Two cases were excluded due to unresolved discrepancies at consensus. We had a cohort of 70 preterm neonates, but only 2 of them (3%) were classified into the moderate group and there was no neonate with severe WMA, which was less than the amount in other studies with the same classification. 11, 15 However, those studies included very preterm neonates (born at Ͻ30 weeks), so those infants might be more sensitive to the effects of extreme prematurity, like greater risks of mortality and morbidity. 1 Another limitation of the present study was that we did not perform DTI and tractography in healthy term neonates, so we were not able to compare our preterm neonates with healthy term neonates.
Conclusions
Altered DTI indices in the CST, STR, and ATR, with Ќ as the most prominent, were associated with mild WMA on conventional MR imaging in preterm neonates at term-equivalent age.
